Objective. To evaluate clustering patterns of prevalent infection with multiple human papillomavirus (HPV) types in 8365 nonhysterectomized women from the Guanacaste Study of HPV Natural History.
Concurrent infections with more than one genital human papillomavirus (HPV) type are relatively frequent in the general female population [1] [2] [3] [4] [5] [6] [7] . On account of the sexually transmitted nature of HPV, women infected with one HPV type are also often infected with additional types [2] [3] [4] [5] [6] [7] [8] [9] . However, it is not clear yet whether particular combinations of HPV types have a tendency to cluster together above or below what would be expected by sexual transmission. This is relevant for the evaluation of the effects of HPV prophylactic vaccines. The removal of certain HPV types through vaccination could, in theory, indirectly increase or decrease the prevalence of other untargeted types.
This issue is complicated by the fact that several HPV testing methods exist, each displaying a different sensitivity to detect specific HPV types and multiple HPV infections [10] [11] [12] . Polymerase chain reaction (PCR) systems that use a single primer sequence might be inefficient in amplifying multiple types. Diagnostic artifacts could affect the detection of HPV types in multiple infections. A previous analysis of the International Agency for Research on Cancer HPV Prevalence Surveys (IHPS) using GP51/61 PCR assays showed that genotyping with an enzyme immunoassay (EIA), though not with reverse line blot (RLB) procedure, led to an overestimation of certain combinations of HPV types [1] . We therefore evaluated the pattern of prevalent infection with multiple HPV types in 8365 nonhysterectomized women at enrollment into the Guanacaste Study of HPV Natural History (GSHNH), a population-based cohort study carried out in Costa Rica.
METHODS

Study Population
A population-based cohort, named Proyecto Epidemioló gico Guanacaste, was assembled between 1993 and 1994 in Guanacaste, Costa Rica, to study the natural history of HPV and cervical neoplasia. Details of this study have been previously reported [13, 14] . Briefly, from a random sample of census tracts of this mainly rural population (240 000 inhabitants), 11 742 potentially eligible subjects aged 18 years and older were identified, 10 738 women were eligible and invited to participate, and 10 049 women (94% of eligible women) agreed to visit one of the study clinics. Women who agreed to participate signed informed consent forms approved by an Ad Hoc Institutional Review Board of Costa Rica and the US National Cancer Institute. Interviews included questions on demographic factors, medical history, and behaviors (sexual, reproductive, and smoking), addressing possible risk factors for cervical cancer. From the present analyses, we excluded 665 women who had undergone total hysterectomies before enrollment, leaving 9384 women. The baseline data were used in the present report.
Gynecological Examination and Specimen Collection
At enrollment, women underwent a pelvic examination by a small team of experienced nurses. Exfoliated cervical cells for conventional and liquid-based cytology (ThinPrep, Hologic Corporation [formerly Cytyc]) were collected using a Cervex broom device (Rovers). A second specimen of exfoliated cells was also taken for HPV testing and stored in specimen transport medium.
HPV DNA Detection Techniques
HPV testing was performed by a MY09/M11 L1 degenerate consensus primer PCR (MY09/M11 PCR) method [10] with AmpliTaq Gold polymerase [15] . This system includes additional primers for HPV51 (HMB01) and 2 primers for HPV35 (5#-CGGCCCAACGGAAACTGATC, 5#-GCACAAGGCCATA-ATAATGG). After amplification, PCR products were analyzed by gel electrophoresis, transferred to nylon filters, and then hybridized overnight by use of radiolabeled generic probes for HPV (types 11, 16, 18, 51, 73, and 81 combined). Dot-blot hybridization was used for HPV genotyping; probes were specific for the following 45 genital HPV types [10, [15] [16] and a commercial chemiluminescence detection kit (Amersham). A specimen was classified as HPV positive but was uncharacterized if it tested positive for HPV DNA by the radiolabeled generic probe mix but was not positive for HPV DNA by the type-specific probe. Three experienced investigators interpreted each dot-blot result, and discrepancies were resolved by consensus.
Sequence Alignment and Phylogenetic Analysis
Prototype sequences for specific HPV types were obtained from the National Center for Biotechnology Information/GenBank database. Subsequently, the DNA sequence data of L1 genes were aligned with ClustalW2 using default options [17, 18] . Similarity between HPV types was measured by the percent identity scores in the best sequence alignment. Use of the L1 open reading frame has been shown to be robust for classification of closely related HPV types and species [19] .
Statistical Analyses
The analysis of clustering of HPV types was restricted to HPV types with a prevalence of at least .5% in the whole study population. Twenty-four types were thus considered, including 11 carcinogenic types (HPV16, -18, -31, -33, -35, -39, -45, -51, -52, -56, and -58) and 13 other types (HPV6, -53, -54, -61, -62, -66, -70, -71, -73, -81, -83, -84, and -85) [20, 21] .
The statistical methodology to assess clustering of multiple HPV infections is similar to that of a previous analysis of the IARC HPV Prevalence Surveys [1] . Briefly, multivariate logistic regression was used to model type-specific HPV positivity. Models were controlled for age (,25, 25-34, 35-44, 45-54, $55 years), lifetime number of sexual partners, and specific HPV type prevalence, as indicated. Since the data have a hierarchical structure, with HPV infections nested within women, multilevel models were used, with woman-level random effects. In this context, a random effect is an unobserved quantity that varies across units in a population. Random effects allow women with the same observable risk factors to have different levels of risk of HPV positivity. Woman-level random effects represent all sources of residual variations in risk of HPV infection other than those already represented by covariates. Models were fitted using a Bayesian approach, using Markov Chain Monte Carlo simulation. Estimates are reported as posterior means and 95% credible intervals (CIs), unless otherwise noted. Discrepancies between the data and the model were measured using observedto-expected (O/E) ratios for the counts of multiple infections. Goodness of fit of the model was assessed by posterior predictive 2-sided P values [22] , with the number of pairwise joint HPV infections as a test quantity.
The 2-way analysis of associations among 24 HPV types implies the generation of 276 P values. In order to minimize errors due to multiple comparisons and for consistency with the previous analysis of the IHPS, the threshold for significance of P values to test was set to .01.
RESULTS
Out of 9384 women who came to visit one of the clinics, 8424 women underwent a pelvic examination and had valid HPV results and information on lifetime number of sexual partners. Forty-nine women with a histologically confirmed diagnosis of cervical intraepithelial neoplasia grade 3 (CIN3) and 10 women with invasive cervical cancer were excluded, thus leaving 8365 women for this analysis. The mean age of the study participants was 40.4 years. Overall, HPV prevalence was 23.4%, and multiple infections were found in 35.6% of HPV-positive women. Figure 1 shows the proportion of individual HPV types found in single and multiple infections. Among carcinogenic types, HPV16 was most often (50.0%) found alone, whereas HPV35 and -45 were detected in combination with other types in $70% of infected women. Table 1 shows the observed and expected numbers of women with single and multiple HPV infections (1 type, 2 types, and $3 types) under 3 different statistical models of increasing complexity. The basic model included only age and specific HPV type prevalence as covariates. The O/E ratio for infection with 2 HPV types was 1.20 (95% CI, 1.13-1.28) and for infection with $3 HPV types was 4.52 (95% CI, 4.04-5.04). The adjusted model included additionally a woman's lifetime number of sexual partners (1, $2) as a covariate. With the adjusted model, the O/E ratio was 1.17 (95% CI, 1.09-1.24) for 2 HPV types and 3.61 (95% CI, 3.20-4.10) for $3 HPV types. The full model included random intercepts for individual women, representing unobserved host or environmental risk factors for HPV infection that are common to all types. With the full model, the O/ E ratio for infections with 2 types was 1.16 (95% CI, 1.11-1.21) and for infections with $3 types was 1.04 (95% CI, .96-1.13). Although the difference between observed and expected counts was reduced substantially after the addition of individual random effects, particularly for infections with $3 HPV types, a small excess of infections with 2 types was still observed. Figure 2 shows P values for tests of the hypothesis of no association between HPV types, under the full model. A P value ,.01 was observed for 2 pairs of HPV types: HPV62 and -81 were found together significantly more often than expected (O/E ratio, 2.81; 99% confidence interval based on the Poisson distribution, 1.39-5.02), while HPV51 and -71 were found together significantly less often than expected (O/E ratio, .07; 99% confidence interval based on the Poisson distribution, .00-.52). Table 2 displays the results on the tendency of closely related HPV types to cluster together. Among the HPV pairs, 222 showed a percent identity of the DNA sequences in the L1 region between 59% and 69%, 49 pairs had a percent identity score between 70% and 79%, and 5 pairs had a percent identity score of 80% or above. The O/E ratio was .91 (99% CI, .80-1.05) for pairs with percent identity ,70%, 1.07 (99% CI, .93-1.24) for pairs with percent identity between 70% and 79%, and 1.22 (99% CI, 1.01-1.49) for pairs with percent identity $80%. The formal test for linear trend of O/E ratios was significant (P 5 .0089). The analyses were stratified by age groups (,30, 30-49, and $50 years), producing substantially similar results.
DISCUSSION
Overall, in the present analysis of the Guanacaste Study of HPV Natural History, which used the MY09/11 PCR method for HPV testing, infections with multiple HPV types occurred more often than would be expected by chance. However, the excess of multiple HPV infections was small, after controlling for sources of common correlation between HPV types. For the large majority of HPV types, including those targeted by the current prophylactic HPV vaccines, there was no evidence of a tendency to cluster positively or negatively in multiple infections. However, the tendency to cluster increased weakly but significantly with the genetic similarity of the L1 region. One pair (HPV62 with -81) was found together significantly more, and one pair (HPV51 with -71) was found together significantly less often than expected (P , .01).
A lack of evidence that particular HPV types are more or less likely to be detected together was also reported for a large sample of young women from Guanacaste, Costa Rica [7] . That study used SPF10/LiPA for HPV testing, a method that does not detect some HPV types that are relatively common, such as HPV71 and -61. General clustering of HPV types has often been observed previously [1] [2] [3] [4] [5] [6] [7] 9] . These studies have mainly used GP51/61 or MY09/11 PCR methods for HPV testing. The tendency to cluster has generally been explained by the fact that all HPV types are sexually transmitted and, therefore, are associated with the same risk factors. Indeed, multiple HPV infections are usually found to be more common in women with a higher number of lifetime sexual partners [23] , and this was also observed in a previous analysis of the present study population [13] . Adjustment for sexual behavior is challenging, as much information is not available or derives from poorly measured questionnaire variables. A feature of our analysis was the inclusion into the logistic regression model of random effects at the woman level that allowed us to explicitly account for the common correlation between HPV infections [1, 8, [24] [25] due to the unobservable risk factors shared by all HPV types. Of note, woman-level random effects do not distinguish between unobserved risk factors due to sexual behavior or partner behavior and other individual risk factors, such as immunological susceptibility. Therefore, although the common correlation between HPV types is expected to be largely driven by sexual behaviors, the cause of this variation remains unknown.
It is possible that diagnostic artifacts, as opposed to other explanations including biological interaction between HPV types, could be the reason for the small observed excess of multiple HPV infections that could not be attributed to the common correlation between HPV infections. In the IHPS study [1] , HPV positivity was assessed by GP51/61 primer-mediated PCR, and genotyping was done using EIA or RLB. GP51/61 primers are known to be less efficient in the amplification of multiple types (and, therefore, less sensitive for detection of multiple HPV infections) and of certain specific types, ie, HPV53 and -61, compared with MY09/11 primer PCR [1] . In that study, a significant excess of 4 HPV pairs (HPV18/45, -31/ 35, -33/35, and -33/58) was explained by a certain degree of cross-hybridization between genetically related types that occurred only when the EIA, but not the RLB method, was used as genotyping procedure [1] . Genetically related HPV types have similar probe regions, which might favor cross-hybridization. No clear evidence of cross-hybridization was found in the present study from Guanacaste. However, we observed a small degree of aggregation between genetically related HPV types. The only 2 significant associations observed in the present study, however, involved relatively common HPV types and went in opposite directions: HPV62 and -81, types that are closely related, were found together more often than expected, while HPV51 and -71, types that are not closely related, were found together less often than expected.
In conclusion, understanding whether certain HPV types tend to cluster is of importance to evaluate cross-protection in current HPV vaccines and natural history studies based on the detection of the virus. The present analysis of the GSHNH study that used MY09/11 for HPV testing found a small degree of aggregation between any HPV types and a lack of clustering between specific carcinogenic types. Our present data indirectly provide reassurance on lack of misclassification for the large majority of HPV types in multiple infections detected by the MY09/11 method and genotyped using dot-blot hybridization.
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